INTRODUCTION
Photoacoustic imaging (PAI) is a hybrid imaging modality that exploits the principle of photoacoustic effect, conversion of light to sound, to map optical absorption-based molecular contrast images of deep tissue with ultrasonic spatial resolution. Over the last decade, PAI has made significant progress in several pre-clinical and clinical applications due to the development and integration of better instrumentation (e.g., novel optoacoustic transducer designs) and reconstruction algorithms [1] - [8] . Furthermore, since PAI shares the same detection platform as widely adopted ultrasound imaging, integrated ultrasound and photoacoustic imaging systems with hand held devices were developed for simultaneously displaying anatomical and molecular contrasts in tissue [9] - [12] . Bulk piezoelectric transducers are the current standard in all these applications. However, the realization of wearable, portable or micro-endoscopy PAI devices necessitates the use of miniaturized ultrasound transducers and their compact integration with optical components and associated front-end electronics. Micromachined ultrasonic transducer (MUT) arrays, fabricated using micro-electro-mechanical systems (MEMS) technology, that can be directly bonded to application specific integrated circuits (ASICs) with ease [13] - [17] , are ideally suited for such miniaturized devices. The small footprint of integrated MUT-ASICs leaves sufficient room for optimal routing of optical components, such as fiber coupled lasers, to deliver light into the deep tissue. MUTs should also have a low cost and good reproducibility due to batch fabrication processing. Due to reduced power requirements and ease of onchip processing, such systems will also allow miniaturization of required electronics and power subsystems. Low cost portable PAI systems will be useful for point-of-care imaging applications and thus complement more conventional imaging technologies such as magnetic resonance imaging (MRI) and positron emission tomography (PET).
Two prominent contenders for MUTs are capacitive micromachined ultrasound transducers (CMUTs) and piezoelectric micromachined ultrasound transducers (PMUTs) [18] , [19] . While some successful efforts have been reported earlier on developing PAI systems with CMUTs, comparable attempts with PMUTs are at a very early stage. Only one report so far shows photoacoustic imaging with a PMUT element experimentally; however, the results were limited to a transmission geometry with a very thin imaging phantom, and without any mention about the specification of the array [19] . A few other reports have hypothesized PMUTs as a potential candidate for PAI but without any accompanying experimental verification [20] - [22] .
In this paper, first, the fabrication process for a linear PMUT array with 125 μm cell diameter and thin film PZT as the active piezoelectric material is described. After basic characterization, the PMUTs were wire-bonded to a pin grid array (PGA) socket and tested for photoacoustic imaging. A linear scanning of a single PMUT element in the array, to emulate a full linear array, provided B-mode images of an agar-gel phantom with embedded pencil leads acting as the photoacoustic targets.
II. DESIGN AND FABRICATION
A PMUT is a multilayered plate structure, generally circular in shape, with an embedded piezoelectric thin film. The material stack layout used in this work for fabricating the PMUT is shown in Fig. 1 . High frequency PMUTs, as desired for PAI, can be achieved by either reducing the radius of the suspended membrane or by increasing its thickness. Since the PMUT is being used in the receive only mode in PAI, a thick substrate layer with thin PZT layer, will lead to overall higher charge output due to higher average stress in the PZT layer, as descried earlier [23] . Hence, -oninsulator (SOI) wafer was chosen as the substrate for device fabrication.
The first resonant frequency, , of the PMUT is given as =
where, is the frequency parameter (equal to 3.196 for a clamped circular plate), a is the radius of the PMUT, i and hi are the density and the thickness of the i th layer in the material stack, and De is the equivalent flexural rigidity of the multilayered plate structure [23] . Using (1), the first resonance was determined to be 10.2 MHz PMUT, which is desirable for photoacoustic applications [15] , [24] , [25] . A linear array of PMUTs was designed to achieve maximum fill-density of PMUT cells within the fabrication constraints. Along the width of the linear array, a column of 35 PMUT cells kept at 175 μm center-to-center distance are shorted together to form one element. 80 such elements are arranged along the length of the PMUT array in a staggered fashion to obtain an 80-element PMUT array with 152 μm element pitch (Fig. 2) .
The fabrication process starts by first growing a 100 nm thick SiO 2 on both sides of the SOI wafer by thermal oxidation process. Following this, 20 nm Ti and 150 nm Pt were sputtered on the top surface. The Ti/Pt layer functions as the base for piezoelectric thin film deposition and serves as the bottom electrode of the device. PZT (52/48) was chosen as the material for the active piezoelectric thin film due to its high piezoelectric coefficient and ease of deposition [26] . Approximately, a 650 nm thick PZT thin film was deposited on a platinized SOI wafer by using sol-gel process. The chemical solution for PZT was obtained by mixing lead acetate trihydrate, zirconium propoxide, and titanium butoxide in a 2-methoxyethanol solution using a method described earlier [26] . The sol-gel deposition process involved 8 cycles of spin coating of PZT solution followed by a two-step heating process at the end of each coat solvent removal and pyrolysis of the PZT, followed by 30 minutes of annealing at 650 o C for recrystallization. The glancing angle x-ray diffraction (XRD) plot of the deposited PZT thin film showed peaks corresponding to the perovskite phase (Fig. 3) . A Cr (10 nm) / Au (150 nm) layer is coated on the top of the PZT layer to function as the top electrode. On application of voltage between the top gold and bottom platinum electrode, inplane mechanical stress is generated in the PZT layer due to the piezoelectric effect. This leads to a net bending moment along the periphery of the top electrode. For optimal vibration of the PMUT, the bending moment should act at 65-70% of the suspended circular plate [23] . In this case, the top electrode covered 70% of the PMUT area. The PZT layer was etched only at the edge of the array to access the bottom electrode. In order to release the 175 μm diameter of the device material stack, first a 4 2 mask was obtained on the backside of the PMUT by deposition of a thick SiO2 layer by plasma enhanced chemical vapor deposition (PECVD) followed by reactive ion etching of the circular area to expose the structural silicon layer from the backside. Using patterned backside SiO2 layer as the mask, the structural silicon was released using deep reactive ion etching (DRIE). The fabricated PMUTs were then wire bonded to a pin grid array (PGA) socket and coated with 1.5 μm thick parylene (Fig. 4) . The parylene coating acts as a protective layer that insulates the device from the surrounding fluid/tissue hence improving the biocompatibility and avoiding undesirable parasitic capacitance. Finally, the PMUTs are poled by applying a 9 V DC voltage across the top and bottom electrode for 10 minutes.
III. PHOTOACOUSTIC IMAGING
A schematic representation of the PAI experimental setup with PMUTs is shown in Fig. 5a . The wire bonded PMUT array was fixed to the bottom of a transparent tank filled with deionized water. An agar gel phantom with four embedded 0.7 mm pencil leads was submerged into the water tank. A custom designed light guide connected to a tunable nanosecond pulsed laser (Phocus Mobile by Opotek Inc.) was mounted next to a sidewall of the tank to irradiate the sample. The laser generates a ~100 mJ light pulse at 10 Hz repetition rate. The acoustic pressure generated by the pencil leads due to light absorption was picked by that PMUTs and captured using a high-speed data acquisition system (Razormax 16, Gage Instruments) after 39 dB gain using a typical ultrasound pre-amplifier (Olympus 5073). Typical A-line photoacoustic signal from the phantom is shown in Fig. 5c . The frequency transform of the received photoacoustic signal from the pencil lead (dotted box) (inset of Fig. 5c ) shows ~7 MHz center frequency with ~68% -6dB fractional bandwidth. The lower than expected resonant frequency can be attributed to mass loading due to water.
Since the pre-amplifier and data acquisition electronics is currently limited to only few channels, for the purpose of initial validation a single PMUT element in the 80-element PMUT array was used for image generation. In order to capture a Bmode image of the phantom, the phantom was attached to a 3-axis xyz translation stage and scanned in steps of 200 μm for 120 steps along the length direction of the PMUT array, while capturing A-line photoacoustic signals at each position. The 120 A-lines thus captured emulate a 120 element linear array with 200 μm pitch which is achievable in fabrication. The A-line data was processed through a delay-and-sum algorithm to generate the B-mode image of the phantom as shown in Fig. 6 . The Bmode photoacoustic image of the agar-gel phantom clearly shows pencil-lead targets at their expected positions. The lateral and axial resolutions estimated from the half value of 90 % to 
IV. CONCLUSIONS
A linear PMUT array with 125 μm cell diameter was designed for PAI applications. The array was successfully fabricated using standard MEMS approach. After subsequent packaging, a single PMUT element was tested for photoacoustic imaging capabilities by using an agar-gel phantom with embedded pencil leads as light absorbing imaging targets. The A-line signals show sharp pulse response centered ( ~ 7 MHz) lower than the expected 10 MHz frequency. A B-mode photoacoustic image was reconstructed using 120 A-line signals recorded while scanning the phantom with a single PMUT element. The generated photoacoustic image could clearly distinguish the embedded pencil lead targets, thus demonstrating the feasibility of the fabricated linear arrays for photoacoustic imaging. Rigorous instrumentation (e.g., multichannel data acquisition) and further validation in various imaging conditions will be carried out using the PMUTs in near future. The reported approach has the potential to develop miniaturized PAI systems.
